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Abstract 
In connection with the design of wind turbines and their control algorithms, the transient loads, especially generated 
by time varying blade loads, are very important. In the Blade Element Momentum method, the most widespread tool 
in the wind turbine industry, the time constants necessary to describe these problems are not an inherent part of the 
model. In the present study two different approaches are used to determine these time constants, namely the 
EllipSys3D Navier-Stokes solver, and an actuator disc method. The time constants estimated by the actuator disc 
method is afterwards used in a standard BEM method and a BEM method coupled with a near wake method. The 
resulting transients are compared to measured values, for a step pitch change taken from the unique data set of the 
NREL/NASA Ames experiment, with good agreement for the case with low loading. Following this, a series of pitch 
steps corresponding to more realistic operational conditions are investigated. 
 
Introduction 
Dealing with transient aerodynamic loads for wind turbine these are typically handled at two levels, unsteady airfoil 
aerodynamics, and the so called dynamic inflow models. The first part covers the unsteady non-separated effects 
from shed vorticity [1,2] and the dynamic stall models, phenomena which both deals with relatively fast motion with 
a time scale in the order of the chord divided by the velocity seen by the airfoil. The second part of the dynamic 
loads, the dynamic inflow, or dynamic induction, is phenomena related to variations in the inflow velocity, structural 
vibrations and tip pitch changes. The time scales important for this are of size rotor radius divided by the free stream 
velocity. In the present paper the main focus is on the second part of these models namely the dynamic inflow 
models. 
Dynamic inflow models have been developed early on in connection with helicopter aerodynamics for forward flight, 
see [3],[4]. It is important though to be aware that as stated in earlier work dealing with dynamic inflow, [5], that the 
wind turbine operational conditions are different from the conditions experienced in connection with helicopters. First 
of all, wind turbines are designed for power extraction at high induction factors ~1/3, while helicopters are designed 
for maximum thrust with minimum power consumption at low induction factors. As the dynamic inflow problem is 
closely related to the induction, and is most important for high induction factors, some of the assumptions used in 
connection with the helicopter related models may not be applicable for wind turbine aerodynamics. 
Basically, the dynamic inflow models describe the effect that when the load changes, for example due to a change in 
blade pitch, this will not be instantaneously reflected in the induced velocity field, but gradually a new equilibrium 
will be established between the load on the blade, the rotor wake and the induced velocity at the rotor plane. 
The direct consequence of the load overshoots experienced in connection with fast pitch changes, are of minor 
importance for the necessary structural strength of the turbine and the extreme loads. The main area of concern for 
these phenomena is the influence on the damping properties in connection with dynamic instabilities and vibrations. 
The importance of the values of the damping coefficients was investigated in [6], showing that neglecting the 
transient behavior will result in overestimating of the aerodynamic damping, that may result in unwanted vibrations 
in the real turbine. 
 
When investigating problems related to dynamic inflow, one problem is to obtain accurate and detailed 
measurements. One source for this has been the Tjæreborg wind turbine experiment [7, 8, 9, 10, 11]. Even though 
these measurements have very good quality, they lack detailed information about the spanwise load distribution along 
the blade. In connection with the NREL/NASA Ames wind tunnel test [12, 13], detailed measurements were taken 
for a series of operational conditions [14] ranging from upwind axial operation, down wind operation, yaw operation 
and a series of step pitch operation that are interesting in connection with the present investigation. 
In the current work, one series of step pitch changes taken from [15] are investigated using both a full 3D CFD code, 
and two versions of the BEM model, with the main focus of looking at the time constants for the settling of the loads. 
Following the comparison with measurements, a parametric study is performed to investigate the dynamic inflow 
effects for other operational conditions. 
 
Code description/Method 
The in-house flow solver EllipSys3D used in the present study for the CFD computations, is developed in co-
operation between the Department of Mechanical Engineering at DTU and The Department of Wind Energy at Risø 
National Laboratory, see [16, 17 and 18]. The EllipSys3D code is a multi-block finite volume discretization of the 
incompressible Reynolds Averaged Navier-Stokes (RANS) equations in general curvilinear coordinates, and is 
second order accurate in both time and space. The code is parallelized with MPI for executions on distributed 
memory machines, using a non-overlapping domain decomposition technique. In the present work the turbulence in 
the boundary layer is modeled by the k-w SST eddy viscosity model [19]. The rotation and pitch of the rotor is 
modeled using a moving mesh formulation in a fixed frame of reference. The moving mesh option has been 
implemented in the EllipSys3D solver in a generalized way allowing arbitrary deformation of the computational 
mesh, following [20]. It has been used for doing unsteady simulations for several years both for stiff rotors in yaw 
and fully coupled aeroelastic computations [21, 22, 23, 24]. The mesh used in the present study has 5.2 million points 
and has previously been used in connection with yaw computations [21], where more details can be found. 
Additionally, two engineering models are used in the present study; a Blade Element Momentum model (BEM 
model) and a BEM model coupled to a near-wake model (NW model). 
The BEM model is well-known and is used in almost all aeroelastic models to compute the induction, [25]. Basically, 
the BEM model is a steady model and therefore a sub-model must be introduced to compute the unsteady induction 
caused by load changes on the rotor due to e.g. pitch changes or eigen-motion of the rotor or the blades. This sub-
model must simulate the delay in changes of induction at the rotor disc when going from one loading on the disc to 
another loading. Such a load change will cause a change in trailed and shed vorticity from the rotor blades and the 
new state is first stationary when the whole wake system of the rotor corresponds completely to the new loading on 
the rotor. In the present implementation of the dynamic induction model a filter function is applied on the 
instantaneous computed induced axial velocity at the rotor disc. Both a 1st order and a 2nd filter have been tested. The 
filter is modeled using the indicial function technique. Besides the model for filtering the induced velocity it is 
necessary with a sub-model for computating the effect of the shed vorticity in order to model the complete influence 
of the vortex system in the wake properly. This is also done with an indicial function technique and follows the 
implementation in the Beddoes-Leishman dynamic stall model, [26]. 
The near wake model was originally developed by Beddoes, [27], for computation of high time resolution air loads 
on helicopter rotors, and is a way to include the radial dependency of the loads. Recently it has been implemented at 
Risø for use on wind turbine rotors, [28]. In short, the main idea with the model is to simulate the downwash from the 
first 90 degree of the trailed vortex system behind the individual blades with a simple, unsteady lifting line model. 
Again the indicial function technique is used to compute the downwash in the model. As the near wake model only 
computes the induction from the first part of the trailed vortex system, a model to compute the induction from the far 
wake is needed. In the present case a BEM model is used but where the loading in the form of the local thrust 
coefficient is scaled down with a constant which in the present case is 0.85. This constant was found correlating the 
load distribution in the combined NW model with the result of a standard BEM computation. It should be noted that 
no tip correction is used in the NW model as the trailed vortex system of the individual blades are modeled and forces 
the loading at the tip to approach zero. The same model for the shed vorticity as described above is also used in the 
NW model. 
Actuator disc simulations with a uniform loading and with a step change from one thrust coefficient to another has 
been used as a basis for estimation of time constants to be used in both engineering models. For the NW model only 
one time constant is used as the NW model itself takes care of the initial fast decay, while the slower decay must be 
handled by the filtering of the induced velocities. Normally, the time constants are made dimensionless using the free 
stream velocity and the radius of the rotor. Another option used in the present work is to use the instantaneous 
velocity in the wake for the normalization 
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In both the BEM and the NW model, this is the approach used, and as will be seen later in the paper, this assures that 
the time constants reflects the slower development of the wake when high induction are present. The effect of 
changing the normalization can be seen in Figure 1, where the use of the actual wake velocity makes the curves 
collapse. 
 
 
Figure 1:  The dependency of the non-dimensionale time constant on the choice of normalization 
velocity used, left figure using the free stream velocity, right figure shows the use of the actual wake 
velocity. 
 
In the present work, when analyzing the transient behavior of the dynamic inflow effects of both the experiment and 
the numerical simulations, the dynamic inflow effects are parameterized as a sum of two exponential decay functions, 
as shown below. The sum of two exponential functions is used, instead of just a single one, as a compromise to allow 
us to capture both the fast decay initially and the more slow decay in the last stage of the development towards 
equilibrium.  
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Alternatively an expression where the time ‘constant’ is directly a function of time could be used. The normal forces, 
Fn, are normalized using the following expression: 
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where F8  is the value at equilibrium, and F0 is the peak value before the actual decay sets in. Both the experimental as 
well as some of the computed results exhibit some high frequency oscillations, and the determination of the time 
constants are performed by visual inspection. 
 
Experimental data 
During the test of the UAE in the NASA Ames tunnel, a series of runs were dedicated to investigate dynamic inflow 
effects. These measurements were all performed for the upwind configuration with 0 degrees cone angle. The 
dynamic inflow tests for the NREL Phase-VI turbine all have relatively large pitch amplitude of either 16 or 18 
degrees, which except for braking action is far from the pitch changes seen in normal wind turbine operation, where 
typical values around +/- 5 degrees pitch are used. Additionally, the pitch rate of 66 [degrees/s] of the UAE test is 
rather high compared to typical pitch rates for full scale turbines, where values of 5 [degrees/s] are typical. The wind 
speeds available in the experiment are 5, 8, 10 and 15 m/s. The dynamic induction effects are expected to be most 
pronounced at the lower wind speeds, and at large pitch amplitudes. 
 
The data selected from the NREL Phase-VI experiment is a case with a tunnel speed of 5 [m/s], a minimum tip pitch 
of minus 6 degrees, and a maximum tip pitch of 10 degrees. The maximum pitch rate is 66 degrees/s, and the time 
delay between consecutive pitch changes are 15 seconds to allow the flow to settle between the pitch changes. The 
data has been processed and used previously in [29], and was kindly made available for the present study. The actual 
pitch movements are shown in Figure 2, which shows the acceleration and deceleration of the blades during the pitch 
movement at start and stop  compared to the max pitch speed curve.  
 
In the computations the actual pitch curves including acceleration and deceleration are used, since a direct use of just 
the linear curve from Figure 2 results in highly oscillatory blade loads at the start and stop of the movement. 
 
Figure 2:  Time history for the blade tip pitch, the figure shows the curve when pitching from 10 to minus 6 
degrees pitching the leading edge downwind, the curve when pitching from minus 6 to 10 degrees pitching the 
leading edge upwind, and the curve that are obtained for the minus 6 to 10 degrees step pitch using the 
specified pitch rate of 66 [deg/s]. 
 
Doing very large pitch steps, the change to the tunnel blockage may be an issue of concern especially at low wind 
speeds. In [30], the blockage is estimated for three different blade pitch angles, namely 0, 3 and 6 degrees. As seen in 
this reference an increasing blockage is found for decreasing pitch angle and for 5 m/s around 2 percent blockage is 
found for a tip pitch of 0 degrees. For the present step pitch change, the blade pitch angle has a minimum value of 
minus 6 degrees at 5 [m/s], and judging from the non-linear behavior reported in [30], the blockage may be nearly 4 
to 5 percent for this tip pitch setting. 
 
Results 
In connection with the CFD computations, both time step investigations and mesh resolution investigations were 
performed. The time step  investigations were performed on mesh level-2, a mesh with each second point removed, 
for the following series of time-steps per revolution [833, 1666, 3333, 8333]. Looking at the shaft torque, the thrust, 
and distributions at five radial stations r/R= [0.30, 0.47, 0.63, 0.80, 0.95] of the pressure and chordwise skin friction, 
minimal difference was observed. Comparing computations for 833 time-steps per revolution for the level-2 grid and 
the finest grid level, small deviations in the sectional forces can be observed, but the influence on the time constants 
are very limited. As the level-1 computations, with 830 time-step per revolution takes approximately 4 
hours/revolution on 20 CPU’s, using the in house 240 CPU cluster of Dell PowerEdge 750 3.2 GHz Pentium 4 (32 
bit) interconnected with D-Link 3324SR(I) Gigabit switches, and the level-2 mesh only takes approximately one 
eights of this time, most of the computations were performed with the level-2 mesh. In the CFD computations a delay 
time of 20 seconds were used instead of the 15 seconds used in the experiment, to allow a longer settling time for the 
flow. Based on this a step pitch change including both an upward and downward step, requires a minimum of 60 
revolutions to be completed based on the 0.83 seconds per revolution used by the NREL Phase-VI turbine. 
 
The computed shaft torque using the EllipSys CFD code is compared to the measured values in Figure 3. The overall 
agreement is reasonably good. For the 10 degrees tip pitch, where a negative shaft torque is observed, the CFD code 
predicts a slightly larger negative torque at the equilibrium state, while the overall transient behavior except for the 
lack of oscillation agrees reasonably well with the measured curve. For the minus 6 degrees tip pitch, where the 
turbine is heavily loaded, the shaft torque predicted by the CFD code is slightly low, and the decay is much slower 
than observed in the experiment. The difference in the decay rate may be connected to the extremely high axial 
induction in this situation, and the previously mentioned associated blockage effects. Concerning the high frequency 
oscillations seen in the measurements, these may be partly connected to torsion vibrations in the shaft, caused by the 
abrupt change in the shaft torque. As the model runs do not allow any structural deformations, these effects are not 
present in the computed results. Computed flapwise blade root moment using the engineering models and the 
experimental values are compared in the right side of Figure 3, showing excellent agreement, again the high 
frequency response seen in the experiments may be connected to structural vibrations of the turbine. 
 
 
Figure 3: Left the figure shows comparison of the measured and computed shaft torque during step pitch 
changes, using the EllipSys3D code. At t=0 [s] the rotor is pitched from minus 6 to 10 degrees deloading the 
rotor, this is followed by a pitch step from minus 6 to 10 degrees initiated at approximately t=20 [s]. The right 
side of the figure shows comparison of the flapwise blade moment for the NW and the BEM model with the 
measurements, for a step from minus 6 to 10 degrees, deloading the rotor.  
 
To illustrate the variation in axial induction for the two tip pitch angles, the variation of the axial velocity is computed 
along the flow direction for the five sections where the forces are measured in the experiment, see Figure 4. It is clear 
from this figure, that nearly no axial induction is seen for the 10 degrees tip pitch case, while an average axial 
induction of ~ 0.5 is seen for the minus 6 degrees case. For the minus 6 degree case, reversed flow is observed 
downstream in the tip region of the wake. The corresponding wake patterns behind the rotor are shown in Figure 5, 
where the tip and root vortices are visualized by an iso-surface of the absolute value of the vorticity, along with 
contours of vorticity in a horizontal slice. For the low load case, the 10 degrees tip pitch, the trailed vorticity is 
uniformly distributed along the blade span, while the vorticity is much more concentrated in the tip and root region 
for the high load case. 
 
Figure 4: Distribution of axial velocity at the five radial sections along the flow direction from one and a half 
diameters upstream to one diameter downstream. The 10 degrees case (low load case) is shown with lines, 
while the  minus 6 degrees case (high load case) is shown with lines and symbols. 
 
   
Figure 5 Wake patterns behind the rotor for the case with low loading left, 10 degrees, and high 
loading right, minus 6 degrees, showing the absolut value of the vorticity in a cut plane behind the 
rotor. 
 
Estimating the two time constants for the exponential decay functions for the case where the rotor is de-loaded, based 
on the variation of the normal force coefficients along the blade span the values given in Table 1 can be found. Both 
the CFD, and the NW model reproduces the qualitative radial variation of the time constants from the root to the tip, 
while the BEM model shows very limited variation. For the measurements and the CFD and NW models, the radial 
dependency is mainly caused by the fast initial variation controlled by the t2 constant. Even though there is good 
qualitative agreement for the CFD and NW models the actual values of the time constants shows some deviations. 
The decay functions corresponding to the time constants for the different models and the experiments are shown in 
Figure 6 to Figure 9. 
 
Table 1: Time constants estimated when pitching from minus 6 to plus 10 degrees, changing the situation from 
a lightly to a highly loaded rotor. 
 t  1-min  [s] t 1-max [s] t 2-min [s] t 2-max [s] 
Measurements 0.9 1.2 0.3 0.9 
CFD 1.3 1.7 0.2 0.8 
BEM  1.3 1.5 0.5 0.5 
NW 1.0 1.0 0.4 0.8 
 
For the pitch step in the opposite direction, pitching from the lightly loaded 10 degrees to the highly loaded minus 6 
degrees tip pitch situation, the observations are quite different, Figure 6 to Figure 9.Here both the experimental values 
the CFD and the NW computations shows a very limited radial variation of the time constants over most of the rotor 
blade, with only the outermost sections deviating from the remaining sections. The NW model though indicates that 
the tip variation is fastest in contradiction with both measurements and CFD. The fact that there is a very limited 
agreement between the numerical values of the time constants may be closely related to the very high induction and 
the related tunnel effects in this situation, and the fact that no dynamic stall model is included in the BEM and NW 
models. Estimating the induction from Figure 4 and from the standard analytical expression relating thrust and 
induction, a value around a=0.5 is found from the CFD computations. Even though the induction in the experiment 
may be different from the computed value, all models reflects the fact that high induction results longer time 
constants for the slowest part of the dynamic inflow development. Comparing the time constants for the BEM and 
NW models for the upward and downward pitching step, it is clear that the use of the wake velocity instead of the 
free stream velocity results in an increased time constants for the case with high induction. 
 
Table 2: Time constants e stimated when pitching from 10 degrees to minus 6 degrees, changing the situation 
from a light to a highly loaded rotor. 
 t  1-min  [s] t 1-max [s] t 2-min [s] t 2-max [s] 
Measurements 2.5 2.5 0.3 0.3 
CFD 4.9 4.9 0.6 0.6 
BEM  2.0 2.2 0.2 0.8 
NW 1.2 1.5 0.8 1.5 
 
 
Figure 6: The initial transient of the measured normalized normal force coefficient after respectively de-
loading the rotor by pitching to 10 degrees tip pitch right, and when loading the rotor by pitching to minus 6 
degrees left. 
 
  
Figure 7: The initial transient of the computed normalized normal force coefficient using the CFD model after 
respectively de-loading the rotor by pitching to 10 degrees tip pitch right, and when loading the rotor by 
pitching to minus 6 degrees left. 
 
 
Figure 8: The initial transient of the computed normalized normal force coefficient using the BEM model 
after respectively de-loading the rotor by pitching to 10 degrees tip pitch right, and when loading the rotor by 
pitching to minus 6 degrees left. 
 
 
Figure 9: The initial transient of the computed normalized normal force coefficient using the NW model after 
respectively de-loading the rotor by pitching to 10 degrees tip pitch right, and when loading the rotor by 
pitching to minus 6 degrees left. 
 
Following the comparison with the dynamic inflow test from the NREL experiment, a series of alternative pitch steps 
and wind speeds were investigated, all with smaller pitch amplitude more likely to be used in normal turbine 
operation, see Table 3. To estimate the induced velocity for the CFD computations the analytical expression CT=4a(1-
a) is used. A plot of the two different ways of normalizing the time constants are shown in Figure 10, clearly showing 
a much more universal value of the time constant as function of CT using the actual wake velocity. 
The general picture from the different pitch step variations performed with the CFD code, indicates that for the 
typical pitch amplitude around 4 degrees, a very limited radial variation will be observed. Additionally, using a 
normalization based on the actual wake velocity, a limited variation is observed in both the slow and the fast time 
constant, with a value for the slow time constant between 1.5 to 2.0. 
Table 3: Operational conditions, computed thrust, induction factor and time constants determined from the CFD computations doing 
different pitch steps and using different free stream velocities. 
Free stream 
velocity 
[m/s] 
Tip Pitch 
[degrees] 
Thrust 
Coefficient  
Induction 
factor 
after the 
step  
Time 
constants [s] 
 
Time 
constants 
normalized 
by wake 
velocity 
Time 
constants 
normalized 
by free 
stream 
velocity 
 Initial Final Initial Final a t 1 t 1 t 1 t 2 t 1 t 2 
5 -6 10  1.06 0.04 -0.01 1.5 0.5 1.48 0.49 1.50 0.50 
5 10 -6 -0.04 1.06  0.48 4.9 0.6 1.37 0.17 4.90 0.60 
5 4 8  0.43 0.11  0.03 1.1 0.2 1.05 0.19 1.10 0.20 
7 4 8  0.43 0.26  0.07 1.1 0.2 1.38 0.25 1.54 0.28 
7 3 -1  0.47 0.63  0.20 1.4 0.3 1.37 0.29 1.96 0.42 
7 10 2  0.17 0.52  0.15 1.2 0.2 1.30 0.22 1.68 0.28 
7 2 10  0.52 0.17  0.04 1.2 0.2 1.58 0.26 1.68 0.28 
7 5 1  0.39 0.55  0.16 1.2 0.3 1.28 0.32 1.68 0.42 
7 -5 -1  0.75 0.63  0.20 2.2 0.3 2.15 0.29 3.08 0.42 
7 -1 -5  0.63 0.75  0.25 2.0 0.3 1.75 0.26 2.80 0.42 
10 4 8  0.36 0.28  0.08 1.1 0.2 1.94 0.35 2.20 0.40 
10 8 4  0.28 0.36  0.10 1.1 0.2 1.87 0.34 2.20 0.40 
 
 
Figure 10: Non-dimensionalization of the time constants shown as function of the thrust coefficient 
of the rotor. 
 
Conclusions 
The use of the actual velocity in the wake instead of the free stream velocity in the BEM and NW model, allows the 
models to reflect the influence of the thrust coefficient on the transient behavior of the models. This corresponds to 
the observations in the NREL experiment. These findings are supported by the CFD results, showing a more 
universal time constant for the slowest part of the dynamic inflow process, using the wake velocity for normalization. 
The parametric study of 4 and 8 degrees step pitch at 5, 7 and 10 [m/s] wind speeds using the CFD code EllipSys, 
revealed very limited radial dependency of the time constants for the dynamic inflow effects. Only in the case 
corresponding to the conditions from the NREL experiment changing the induction from nearly one to a value of 
zero, clear radial dependency can be seen. 
The NREL NASA Ames data is a very useful data set, but especially for the dynamic inflow situations, care needs to 
be taken as the considerable changes in induction accompanying the large shift in thrust coefficient, may to some 
degree influence the conclusions especially for the high induction cases due to blockage effects. 
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